abstract The Drosophila para sodium channel ␣ subunit was expressed in Xenopus oocytes alone and in combination with tipE , a putative Drosophila sodium channel accessory subunit. Coexpression of tipE with para results in elevated levels of sodium currents and accelerated current decay. Para/TipE sodium channels have biophysical and pharmacological properties similar to those of native channels. However, the pharmacology of these channels differs from that of vertebrate sodium channels: ( a ) toxin II from Anemonia sulcata , which slows inactivation, binds to Para and some mammalian sodium channels with similar affinity ( K d Х 10 nM), but this toxin causes a 100-fold greater decrease in the rate of inactivation of Para/TipE than of mammalian channels; ( b ) Para sodium channels are Ͼ 10-fold more sensitive to block by tetrodotoxin; and ( c ) modification by the pyrethroid insecticide permethrin is Ͼ 100-fold more potent for Para than for rat brain type IIA sodium channels. Our results suggest that the selective toxicity of pyrethroid insecticides is due at least in part to the greater affinity of pyrethroids for insect sodium channels than for mammalian sodium channels. 
i n t r o d u c t i o n
Voltage-activated sodium channels are transmembrane proteins that provide the current pathway for rapid depolarization of muscles, nerves, and other electrically excitable cells (Hodgkin and Huxley, 1952; Catterall, 1992) . Most of our current understanding about the structure and function of sodium channels has come from studying heterologously expressed mammalian sodium channels (Catterall, 1992) . Although mammalian sodium channels contain as many as three subunits ( ␣ , ␤ 1 , and ␤ 2 ), the ionic selectivity, time and voltage dependence of activation, modulation by protein kinases A and C, and most pharmacological properties are reconstituted by expression of the single core ␣ subunit (Catterall, 1992) . Coexpression of the ␣ subunit with the ␤ 1 subunit sometimes enhances expression and alters the time and voltage dependence of inactivation (Isom et al., 1992; Patton et al., 1994) . While sodium channels have also been cloned from a variety of invertebrate organisms, little is known about the structure-function relationships of these sodium channel subunits because we and our collaborators (Feng et al., 1995 a ) have only recently identified conditions for heterologous expression of a representative invertebrate sodium channel from Drosophila.
Drosophila provides a useful system to study sodium channels because it allows a combination of biophysical, molecular genetic, and transgenic techniques to facilitate both in vivo and heterologous expression studies. The gene encoding a sodium channel ␣ subunit in Drosophila, paralytic (para) , has been cloned, and the entire cDNA sequence determined (Loughney et al., 1989; Ramaswami and Tanouye, 1989; Thackeray and Ganetzky, 1994) . The predicted polypeptide is ‫ف‬ 50% identical to vertebrate neuronal sodium channel ␣ subunits and has four internally homologous domains like those conserved in all other voltage-gated sodium channels (Guy and Conti, 1990; Catterall, 1992) . The para locus encodes the predominant class of voltage-activated sodium channels expressed in Drosophila neurons (Hong and Ganetzky, 1994) , and the primary transcript from the para gene undergoes a developmentally regulated complex pattern of alternative splicing that potentially generates over 100 different sodium channel isoforms (Thackeray and Ganetzky, 1994; O'Dowd et al., 1995) . Relatively little is known about the functional significance of these alternative exons, but the available evidence indicates that the splice variants could provide an important basis for structure-activity studies (O'Dowd et al., 1995 b ) . Furthermore, sodium channels 120
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are an important target for insecticides (Vijverberg and van den Bercken, 1990; Bloomquist, 1993; Narahashi, 1996) and expression of insect sodium channels will facilitate a detailed comparative study with vertebrate sodium channels.
Pyrethroids are a widely used class of neurotoxic insecticides that have been shown to interact with many membrane proteins, but their effects on sodium channels are particularly well documented (Vijverberg and van den Bercken, 1990; Bloomquist, 1993; Narahashi, 1996) . Some para mutants are resistant to pyrethroids, strongly suggesting that the primary site of action is on this sodium channel (Hall and Kasbekar, 1989) . Likewise, target-site pyrethroid resistance in house fly, German cockroach, and tobacco budworm all map to the homologous para gene in these species (Taylor et al., 1993; Williamson et al., 1993; Dong and Scott, 1994; Knipple et al., 1994; Miyazaki et al., 1996) . Although pyrethroids exhibit high levels of toxicity against most arthropods, they have low mammalian toxicity. This specificity of action is critical for their commercial use, but the basis for it is incompletely understood. Grasshopper thoracic ganglion sodium channels are far more sensitive to modulation by pyrethroids than mammalian channels (Ertel et al., 1994) . However, some studies suggest that factors unrelated to sodium channel structure, such as the temperature dependence of drug effect, can be important determinants of specificity of action. The greater efficiency of detoxification in mammals also contributes to pyrethroid safety (Narahashi, 1992; Song and Narahashi, 1996) . Furthermore, pyrethroids are highly lipophilic and their specificity could derive from a more favorable partition coefficient into insect membranes rather than a difference in the binding site on the channel protein.
To better understand the biophysical and pharmacological properties of insect sodium channels, we identified conditions suitable for heterologous expression of para sodium channels in Xenopus oocytes. In contrast with previous studies of most mammalian sodium channel ␣ subunits, we found poor expression of para alone. Likewise, sodium channels from other invertebrates and lower vertebrates have been cloned but not expressed. We investigated two likely explanations for this poor expression: that only some splice variants will form functional sodium channels and that accessory subunits are necessary for robust functional expression. We found that coexpression of para with another Drosophila protein encoded by the tipE locus results in robust sodium currents (denoted Para/TipE sodium channels; see also Feng et al., 1995 a ) . The properties of expressed Drosophila sodium channels were compared with those of the rat brain IIA (RBIIA) sodium channel coexpressed with the rat brain ␤ 1 subunit (denoted RBIIA/ ␤ 1 sodium channels). Para/TipE sodium channels have gating kinetics and pharmacology distinct from rat brain sodium channels. Our studies show that the biophysical and biochemical properties of invertebrate and vertebrate neuronal sodium channels are distinct and provide a system for the analysis of the structure-function relationships that underlie this diversity.
m e t h o d s

Composite para cDNA Construction
General recombinant DNA methods such as DNA ligations, plasmid DNA minipreparation, restriction endonuclease digestion, and agarose gel electrophoresis were all performed using standard methodology (Sambrook et al., 1989) .
Because the existing para cDNA clones were not suitable for constructing a composite cDNA using conventional cloning techniques, a series of PCR generated cDNA clones were synthesized and assembled on the backbone of the para cDNA clone ZS10.3 (Loughney et al., 1989) . Oligonucleotide primers used were P1
PCR (30 cycles) conditions were 1 min at 95 Њ C, 1 min at 55 Њ C, and 2 min at 72 Њ C with reactions containing either primers P1 and P2, P3 and P4, P5 and P6, or P5 and P7 with random-primed adult Drosophila cDNA (prepared according to Thackeray and Ganetzky, 1994) as template (see Fig. 1 ). PCR products of the appropriate size were recovered from agarose gels by electrophoresis onto dialysis membrane (Sambrook et al., 1989) , ethanol precipitated, digested with the appropriate restriction enzymes, and ligated into pBluescript SK ϩ (Stratagene Inc., La Jolla, CA), and the DNA sequence of a number of clones were analyzed (Sequenase 2.0 kit; United States Biochemicals, Cleveland, OH) to identify cDNA clones lacking PCR artifacts. The XbaI/BamHI fragment of the primer 1-2 PCR product was ligated to the BamHI/ StuI fragment of ZS10.3 to assemble the 5 Ј half of the composite cDNA while removing upstream out of frame initiation codons. The StuI/BamHI fragment of the primer 3-4 PCR product was ligated to the BamHI/HindIII fragment of the primer 5-7 PCR product, and this was ligated to the HindIII/XbaI fragment of the primer 5-6 PCR product to assemble the 3 Ј half of the composite cDNA. Each half of the composite cDNA was then ligated into the pGH19 vector (Liu et al., 1996) , which contains the 5 Ј and 3 Ј untranslated Xenopus beta-globin sequences to stabilize heterologous cRNAs expressed in Xenopus oocytes; this construct is designated para 13-5. The para 13-5 cDNA contains exons j, i, b, d, e, and lacks exons a and f (Fig. 1) . A para cDNA containing exon a but otherwise identical to 13-5 was constructed by identifying an exon a containing primer 1-2 PCR product and substituting this fragment into the full length para 13-5 cDNA as outlined above.
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Warmke et al. ent molecular mass of the synthesized proteins. To visualize the [ 35 S]methionine-labeled translation products, the gels were incubated with Enlightning reagent (NEN Research Products, Boston, MA) according to the manufacturer's protocol, followed by autoradiography at room temperature. The mSlo19 cDNA clone (Pallanck and Ganetzky, 1994 ) encoding a mouse high conductance calcium-activated potassium channel alpha subunit was used as a positive control.
Expression of Sodium Channel cRNAs in Xenopus Oocytes
Capped cRNA transcripts were synthesized using the mMES-SAGE mMACHINE in vitro RNA transcription kit (Ambion Inc., Austin, TX). Plasmid vectors encoding the rat brain IIA ␣ subunit (Zem-RVSP6-2580) and rat brain ␤ 1 subunit (p ␤ 1 .c1Aa) were obtained from William Catterall (University of Washington, Seattle, WA). cRNA encoding TipE was provided by Linda Hall (State University of New York, Buffalo, Buffalo, NY).
Xenopus laevis oocytes were prepared and injected using standard methods (Arena et al., 1991; Arena et al., 1992; Goldin, 1992) . For most experiments, oocytes were injected with 10 ng of each cRNA species being tested (1:1 ratio by weight) in 50 nl RNase-free water. Control oocytes were injected with 50 nl water. For coexpression studies, oocytes were incubated for 2-5 d in ND-96 before recording. When para alone was expressed, 50 ng of cRNA was injected and oocytes were incubated for at least 7 d. Incubations and collagenase digestion were carried out at 18-22 Њ C.
The isoleucine isoform of toxin II from Anemonia sulcata (ATX-II) 1 and tetrodotoxin were obtained from Calbiochem Corp. (La Jolla, CA). Racemic permethrin and deltamethrin were obtained from Crescent Chemical Co. Inc., (Hauppauge, NY) (U.S. distributor for Riedel-de Haen); they were dissolved in ethanol to make a 10-mM stock solution.
Most voltage-clamp studies were conducted with the cut-open oocyte technique (Taglialatela et al., 1992 ) using a Dagan CA1 amplifier (Dagan Instruments, Minneapolis, MN). Oocytes were permeabilized with 0.1% saponin and dialyzed with an intracellular solution consisting of (mM): K glutamate 100, HEPES 10, EGTA 1, adjusted to pH 7.0 with KOH. The extracellular solution for most experiments was ND-96 saline consisting of (mM): NaCl 96, KCl 2, MgCl 2 1, CaCl 2 1.8, HEPES 5, adjusted to pH 7.5 with NaOH. The extracellular sodium concentration was reduced in some experiments with ATX-II to achieve better voltage control by equimolar replacement of sodium with N -methyl-d -glucamine. Experiments were conducted at 21-24ЊC. To achieve rapid discharge of the membrane capacitance (Ͻ100 s), we used agar bridges with Pt wires that had resistances Ͻ4 kohm and also used voltage measuring microelectrodes with resistances р0.5 Mohm when filled with 1 M KCl. Data were acquired using the program Pulse and most analyses were performed with the companion program Pulsefit (Instrutech Instruments, Great Neck, NY). Linear leak and capacity currents were subtracted by P/5 steps from Ϫ120 mV. Data were sampled at 50 kHz and filtered (f c , Ϫ3db) at 10 kHz, unless otherwise indicated. A CA1 amplifier (Dagan Instruments) was also used for two microelectrode voltage clamp experiments. For these experiments, the current passing microelectrodes were filled with 0.7 M KCl plus 1.7 M K 3 -citrate. The location of the para ZS10.3 cDNA and the PCR fragments used to construct the full length para cDNA clone 13-5 are indicated. The para cDNA clone 13-5 is a composite of the ZS10.3 clone (filled box) and the PCR-generated cDNA clones (open boxes) and was constructed as described in methods. The para 13-5 cDNA contains exons j, i, b, d, e, and lacks exons a and f. The para 13-5 cDNA contains six amino acid substitutions as compared with the previously published sequence apparently due to polymorphisms within and between the Canton-S and Oregon-R strains of Drosophila melanogaster (G1158R, R1296Q, D1300N, L1363F, S1587N, and N1822S). Abbreviations for endonuclease restriction enzymes are B, BamHI; E, EcoRI; H, HindIII; S, SacI; U, StuI; and X, XbaI. The alternative exon j encodes amino acids 50-61, which are omitted in some para isoforms. Amino acid location is according to the complete para amino acid sequence including all known alternative exons (GenBank accession number M32078). (B) In vitro translation of the para voltage-activated sodium channel ␣ subunit. Plasmid DNAs encoding either the para voltage-activated sodium channel ␣ subunit or the mouse high conductance calcium-activated potassium channel ␣ subunit were incubated in a rabbit reticulocyte in vitro transcription/translation reaction in the presence of [ 35 S]methionine, and the products were run directly on a 4-20% SDS/PAGE and autoradiographed as described in methods. The para voltage-activated sodium channel ␣ subunit has a predicted M r of 241 kD and the mouse high conductance calciumactivated potassium channel ␣ subunit has a predicted M r of 135 kD. The position of M r markers are indicted on the left.
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One limitation of our cut-open oocyte experiments was substantial accumulation of intracellular sodium, especially when ATX-II was used. This problem can be seen in Fig. 5 for Para/ TipE sodium currents, where ATX-II caused a large change in reversal potential (E rev ). Sodium accumulation was a severe problem in this and similar experiments because there was no dialysis of the cytoplasm, the density of sodium channels was very high, and ATX-II dramatically increased the sodium influx. These problems were less severe in two-microelectrode voltage clamp experiments, where the density of sodium current was much lower. E rev of toxin-modified channels in two-microelectrode experiments was ϩ44.4 Ϯ 2.5 mV (mean Ϯ SEM, n ϭ 5), a value similar to the most positive values obtained without toxin in cutopen oocyte experiments. ATX-II may cause a small change in E rev , but the apparently large change seen in Fig. 5 is not due to a direct effect of toxin on sodium channel selectivity. r e s u l t s
Construction of a Full Length para cDNA Clone
The complete para protein sequence was deduced from a series of six overlapping cDNA clones (Loughney et al., 1989; Ramaswami and Tanouye, 1989; Thackeray and Ganetzky, 1994) . To facilitate expression studies of the Drosophila para sodium channel, we constructed a composite para cDNA clone as described in methods (Fig. 1 A) . It has previously been shown that the para locus encodes a variety of different protein isoforms by alternative splicing (Loughney et al., 1989; Thackeray and Ganetzky, 1994) . During our characterization of PCR amplification products derived from the para locus, we identified a new alternative exon. This optional exon is designated j, and is located in the presumptive amino-terminal cytoplasmic domain ( Fig. 1 A) . The para cDNA clone used in most of the present studies contains exons b, d, e, and lacks exons a and f and corresponds to the third most abundant combination of these alternative exons expressed in adults (Thackeray and Ganetzky, 1994) .
The composite para cDNA clone encodes a sodium channel ␣ subunit with a predicted molecular weight of 241 kD. To confirm that this cDNA encoded a full length para protein, it was expressed in an in vitro transcription/translation reaction. As shown in Fig. 1 B, this para cDNA clone encodes a protein of ‫042ف‬ kD, consistent with its predicted molecular weight.
Heterologous Expression of para Sodium Channels in Xenopus Oocytes
Most mammalian homologs of para can be expressed in Xenopus oocytes as functional sodium channels, even though native channels contain additional subunits . However, we initially found no functional expression of para cRNA alone in Xenopus oocytes. Likewise, coexpression of para cRNA with the ␤ 1 subunit of rat brain sodium channels did not encode functional sodium channels (data not shown).
In Drosophila embryonic neurons, functional sodium channels were found only in cells expressing Para isoforms containing exon a (O'Dowd et al., 1995b) . Therefore, we also tested for expression of a second isoform of Para that contains exon a (called Para (a ϩ ); this construct also contains exons b, d, e, j, and i, and lacks exon f); however, Para (a ϩ ) also expressed poorly in our initial studies.
We next investigated whether other proteins are required for functional expression of para sodium channels. Classical genetic and biochemical analyses of the tipE locus suggested that this gene encodes a regulatory or structural component of Drosophila neuronal sodium channels (Ganetzky, 1986; Jackson, 1986) . This locus was recently cloned (Feng et al., 1995b) and shown to encode a 50-kD acidic protein with two putative membrane spanning domains (Feng et al., 1995a) . Indeed, coexpression of para and tipE cRNA in Xenopus oocytes produces robust expression of functional sodium channels, never seen in uninjected oocytes, water-injected oocytes, or oocytes injected with tipE cRNA alone ( Fig.  2) . Fig. 2 A shows superimposed current recordings for test potentials (V t ) ranging from Ϫ50 to ϩ50 mV. These sodium channels activate and inactivate rapidly, with kinetics similar to those for native sodium channels in cultured Drosophila embryonic neurons (Byerly and Leung, 1988; O'Dowd and Aldrich, 1988; Saito and Wu, 1993 ). The corresponding current-voltage relationship is obtained by plotting the peak current vs. V t (Fig. 2 B) . This relationship is similar to that for mammalian sodium channels, except that the reversal potential is less positive. The reversal potential (ϩ28 mV in this experiment) was highly variable (ranging from ϩ12.8 to ϩ44 mV in eight experiments), presumably reflecting variation in intracellular sodium concentration (see methods).
Fig. 2 C shows sodium currents at Ϫ10 mV elicited from various prepulse potentials (V p ) for the same oocyte. The corresponding voltage dependence of steady state inactivation is obtained by plotting the normalized peak inward current as a function of V p (Fig. 2 D, ). The solid curve is the best fit by a Boltzmann distribution and the midpoint and slope are similar to those for native Drosophila sodium channels. The data shown in Fig. 2 B was also used to evaluate the voltage dependence of activation. The relative sodium conductance (G Na ) is calculated assuming a linear current-voltage relationship ( Fig. 2 D, ᮀ) . The curve is the best fit by a Boltzmann distribution based on data for V t р ϩ20 mV. Feng et al. (1995a) reported very small but reproducible sodium currents (50-200 nA) produced by injection of para cRNA alone into Xenopus oocytes. We find more robust expression of Para alone (currents Ϫ30, Ϫ20, Ϫ10, ϩ5, 15, 25, 35 , and 50 mV from a holding potential of Ϫ90 mV. Blanking interval, 200 s. (B) Peak sodium current plotted as a function of V t . The reversal potential (ϩ28 mV in this experiment) was highly variable, presumably reflecting variation in intracellular sodium concentration. Values up to ϩ45 mV were observed. (C) Sodium currents measured at Ϫ10 mV from prepulse potentials (V p ) of Ϫ95, Ϫ70, Ϫ55, Ϫ45, Ϫ35, and Ϫ25 mV. Prepulse duration, 200 ms; blanking interval, 100 s. (D) Voltage dependence of steady state availability and of activation of sodium current. Both sets of data are based on measurements of peak current during a test depolarization for the same experiment shown in the top panels. Both curves are the best fit by a Boltzmann distribution. The steady state availability data represents normalized measurements of peak inward current () and is plotted vs. V p . The curve is defined by a slope factor ϭ 5.89 mV, midpoint potential ϭ Ϫ49.2 mV, and maximal current ϭ 1.66 A. The relative sodium conductance (G Na ) is calculated assuming a linear current-voltage relationship with a reversal potential of ϩ28 mV (ᮀ). The curve is based on data for V t р ϩ20 mV; slope factor ϭ 6.12 mV, midpoint potential ϭ Ϫ14.3 mV, and maximal G Na ϭ 68.4 S. Voltage dependence of steady state availability and of activation of sodium current, determined in the same manner as for Fig. 2 . Both curves are the best fit by a Boltzmann distribution. The steady state availability data represents normalized measurements of peak inward current (᭡) and is plotted vs. V p . The curve is defined by a slope factor ϭ 4.77 mV, midpoint potential ϭ Ϫ41.8 mV, and maximal current ϭ 1.61 A. The relative sodium conductance (G Na ) is calculated assuming a linear current-voltage relationship with a reversal potential of ϩ48.7 mV (ᮀ). The curve is defined by a slope factor ϭ 5.85 mV, midpoint potential ϭ Ϫ9.8 mV, and maximal G Na ϭ 47.2 S. All panels are for the same experiment using a two-microelectrode voltage clamp. TipE also enhanced the expression of Para (a ϩ ) so that robust expression of this isoform was only observed when it was coexpressed with TipE ( Fig. 3 and data not shown). Furthermore, there was little effect of exon a on the voltage dependence of activation or inactivation (see Table I ).
TipE Modifies the Inactivation of Drosophila Sodium Channels
Mammalian neuronal and skeletal muscle sodium channel ␣ subunits expressed in Xenopus oocytes function in two distinct gating modes: a slow and incompletely inactivating mode predominates, and a fast and completely inactivating mode is observed less frequently (Krafte et al., 1990; Moorman et al., 1990; Zhou et al., 1991; Fleig et al., 1994) . Coexpression of a mammalian ␣ subunit with a ␤ 1 subunit in Xenopus oocytes increases the fraction of sodium channels gating in the fast mode (Makita et al., 1994; Patton et al., 1994) . In contrast, Para/TipE sodium channels inactivate very rapidly without a homologous ␤ 1 subunit ( Fig.   t a b The voltage dependence of activation and inactivation were described by Boltzmann distributions; V 1/2 is the midpoint potential of the distribution. Each value is the meanϮSEM. Downloaded from 4 A). This panel shows superimposed sodium currents measured during a depolarization to Ϫ10 mV. Note that all of the Para/TipE sodium channels inactivate rapidly, whereas a component of the RBIIA/␤ 1 sodium current inactivates slowly. The tipE protein exhibits no homology to mammalian sodium channel ␤ subunits (Feng et al., 1995a) . Fig. 4 B shows that TipE also does not substitute for a ␤ 1 subunit. As previously reported, coexpression of the rat brain ␤ 1 subunit with the RBIIA subunit results in much faster current inactivation (Patton et al., 1994) . This effect of the ␤ 1 subunit is one of the most dramatic effects of coexpression. However, the rate of inactivation of sodium current is unchanged when TipE is coexpressed with RBIIA. In contrast, coexpression of Para with TipE results in sodium currents that decay about twice as rapidly (Fig. 4 C) . The decay of Para sodium currents is well fit by a single exponential, with or without coexpression of TipE. Fig. 4 C shows the time constant of decay ( decay ) as a function of test potential. decay for Para/TipE was the same with both voltage clamp techniques and was consistently faster than decay for Para alone. This suggests that TipE is functioning like a ␤ subunit of some sodium and potassium channels (see discussion).
Drosophila and Rat Brain IIA Channels Exhibit Distinct Pharmacological Properties
Sodium channels are a common target of animal and plant toxins (Adams and Olivera, 1994) . A number of commonly used insecticides also target sodium channels, but many cause toxicity that may be due to effects on vertebrate sodium channels (Vijverberg and van den Bercken, 1990; Bloomquist, 1993; Narahashi, 1996) . Thus, it is desirable to compare the pharmacology of Drosophila sodium channels with that for a mammalian sodium channel, rat brain IIA. At least six distinct drug binding sites exist on this mammalian sodium channel (Catterall, 1992) and Figs. 5-8 show that Para sodium channels are more sensitive to ligands acting at three of these binding sites.
Toxin II from Anemonia sulcata slows the rate of inactivation of vertebrate and marine invertebrate sodium channels (Bergman et al., 1976; Norton, 1991) . Modification of Para sodium channels by this toxin differs from that with other types of sodium channels in three principle ways: (a) the maximal sodium conductance (G Na,max ) is increased about twofold, but there is little or no increase in G Na,max for other types of sodium channels (alternatively, see Hanck and Sheets, 1995) ; (b) the time to peak current is greatly increased for Para channels; and (c) decay of Para sodium currents is slowed to a much greater extent than for other types of sodium channels. Fig. 5 shows the effects of ATX-II on Para sodium channels expressed with and without TipE (Fig. 5, A-C and D-F, respectively) and compares these Downloaded from effects with those on RBIIA/␤ 1 sodium channels (Fig.  5, G-I) . ATX-II at 20 nM increases peak inward current and reduces rapid inactivation of Para/TipE sodium currents; at 100 nM, rapid inactivation is nearly eliminated and peak inward current is further increased. The current at the end of the depolarization was used to quantify the potency of toxin modification. This current was normalized by the current in maximally effective ATX-II (usually 1 M toxin) and taken as the fraction of toxin-bound channels. This measure indicates that 20 nM toxin modifies about two-thirds of the channels (in two experiments, the modification was 51.5 and 68.7%). Assuming 1:1 binding, the dissociation constant (K d ) Х 10 nM. Fig. 5 D shows the maximal effect of ATX-II on Para sodium channels. Note that slowing inactivation with ATX-II results in a current that reaches a maximum much later, suggesting that channel activation is relatively slow and not complete at the time of control peak current. Similar results were obtained with 1 M ATX-II with either Para/TipE or Para (a ϩ )/TipE (data not shown).
ATX-II also slows inactivation of RBIIA/␤ 1 sodium channels, but to a lesser extent than for Para (Fig. 5 G) . The decay of RBIIA/␤ 1 sodium currents with and without 1 M ATX-II is fit by the sum of two exponentials. Both components of current decay are slowed by ATX-II, indicating that all channels are modified by 1 M toxin. However, the degree of slowing of inactivation (5-10-fold increase in each time constant) is much less than for Para/TipE or for Para alone. The time constant for decay of Para/TipE sodium currents in 1 M ATX-II is Ͼ3 s at 0 mV, indicating a slowing of at least 1,000-fold (data not shown). Although the binding affinity of ATX-II to some mammalian sodium channels is comparable in potency with that for Para/TipE (K d Х 10 nM), the toxin causes a 100-fold greater decrease in the rate of inactivation of Para/TipE; therefore, the toxin should have a much greater effect on sodium influx through Drosophila sodium channels.
ATX-II (1 M) increases the peak inward current of RBIIA/␤ 1 sodium channels for weak but not for strong depolarizations (Fig. 5 H) . The solid curves indicate the best fit by a Boltzmann distribution assuming a linear single channel current-voltage relationship. These data are converted into conductance measurements and plotted to illustrate more clearly that ATX-II shifts the voltage dependence of RBIIA/␤ 1 channel opening to more negative voltages, but has little effect on maximal conductance (Fig. 5 I) . In contrast, ATX-II increases the maximal conductance of Para/TipE or Para sodium currents, with little effect on the voltage depen- Depolarizations to the indicated voltages elicited currents that activated and inactivated rapidly, as for control, followed by slowly activating currents that were seen only with permethrin. The rapidly inactivating currents are not accurately measured with the sampling interval of 1.0 ms used for this experiment.
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Downloaded from dence of channel activation. For Para/TipE sodium currents, ATX-II increased G Na,max by a factor of 1.96 Ϯ 0.69 and V 1/2 was shifted Ϫ3.2 Ϯ 5.8 mV (n ϭ 7). Likewise, G Na,max for Para expressed alone was increased by a factor of 2.53 and V 1/2 was shifted Ϫ2.5 Ϯ 3.3 mV (n ϭ 2). Although the effect of ATX-II on these mammalian and insect sodium channels appears quite dissimilar, both actions can be accounted for by slowing of inactivation (see discussion).
ATX-II and anthopleurin A, a sea anemone toxin that is structurally and functionally similar to ATX-II, slow inactivation of cardiac sodium channels from open states, but not from closed states (El-Sherif et al., 1992; Hanck and Sheets, 1995) . Toxin IV-5 from the scorpion Tityus serrulatus, which acts at the same site on sodium channels as ATX-II, also selectively modifies inactivation from open states in studies with neuronal sodium channels (Kirsch et al., 1989) . Inactivation from closed states is most significant for weak depolarizations that cause a substantial amount of inactivation but very little channel opening. For Para/TipE sodium channels, the voltage range where these conditions exist is from Ϫ55 to Ϫ40 mV (see Fig. 2 D and Table I ). Fig. 6 , A and B shows that ATX-II slows inactivation even during depolarizations that cause activation of Ͻ1% of the sodium channels. The rate of onset of inactivation at Ϫ40 mV was determined by varying the duration of a conditioning prepulse (Fig. 6 A, inset) . The solid curve through the control data is the best fit by a single exponential and indicates a time constant of 11.3 ms. This result is representative of six experiments in which the time constant of inactivation at Ϫ40 mV was 13.9 Ϯ 1.6 ms. In ATX-II, the rate of inactivation is ‫-000,1ف‬fold slower (the best-fit time constant is 9.5 s, but the rate is not well defined). Similar results were obtained in three experiments with Para/TipE and in one experiment when Para was expressed without TipE.
ATX-II also slows the development of inactivation at more negative voltages (Fig. 6 B) . The voltage dependence of inactivation was determined using the pulse protocol shown in the inset with a prepulse duration (t p ) of 1 s. Very little inactivation occurred for prepulses to voltages рϪ40 mV. Thus, ATX-II causes a dramatic slowing of inactivation over a broad voltage range, in contrast with the effects of sea anemone toxins on mammalian cardiac sodium channels. This indicates that inactivation from closed states is unimportant for Para/ TipE sodium channels or that ATX-II slows inactivation from both closed and open states for these channels.
Similar experiments with RBIIA/␤ 1 sodium channels indicate a much more complicated effect of toxin. Fig.  6 C shows the effects of ATX-II on the rate of onset of inactivation at Ϫ35 mV. The control data (ᮀ) is well fit by a single exponential plus a constant. In 1 M ATX-II, the time course of inactivation is better fit by the sum of two exponentials plus a constant. Although toxin slows inactivation during strong depolarizations (Fig. 5 G) , it speeds inactivation of a component of current during weak depolarizations. The slower exponential component in toxin decays with the same time constant as for control, suggesting that toxin modification is incomplete. In addition, the noninactivating current is increased by ATX-II. Similar effects were seen at more negative voltages, although the second exponential component, corresponding to unmodified channels, was usually smaller than at Ϫ35 mV. A small speeding of inactivation by sea anemone toxins has been reported for cardiac sodium channels (Hanck and Sheets, 1995) , but the dramatic effect seen in Fig. 6 C is unexpected and is not accounted for by previous models of toxin action.
The main effect of ATX-II on the steady state availability of RBIIA/␤ 1 sodium channels is to reduce the slope factor (Fig. 6 D) . The solid curves indicate the best fit by a Boltzmann distribution. The control distribution was defined by midpoint potential ϭ Ϫ52.6 Ϯ 3.4 mV, slope factor ϭ 4.55 Ϯ 0.11 mV (n ϭ 3); in these cells, after adding 1 M ATX-II, the distribution was: midpoint potential ϭ Ϫ42.8 Ϯ 2.1 mV, slope factor ϭ 7.97 Ϯ 0.29 mV. As expected from previous studies with muscle sodium channels (Chahine et al., 1996) , ATX-II also accelerates the rate of recovery from inactivation (Fig. 6 E) . The recovery from inactivation was described by a single exponential at Ϫ50 mV with a time constant of 35.2 Ϯ 9.2 ms (n ϭ 3). In 1 M ATX-II, the recovery was fit by an exponential plus a constant, with a time constant of 1.79 Ϯ 0.1 ms (n ϭ 3). This result indicates that ATX-II destabilizes the inactivated state.
Tetrodotoxin (TTX) 1 is one of the most commonly used sodium channel ligands because it selectively blocks most neuronal and skeletal muscle sodium channels with a dissociation constant of 1-10 nM (Ritchie and Rogart, 1977; Catterall, 1980) . TTX block of endogenous sodium channels in Xenopus oocytes has been quantified so that studies with this toxin can confirm the expression of heterologous channels (see discussion). Block of Para/TipE sodium channels is ‫-01ف‬ fold more potent than for RBIIA/␤ 1 sodium channels (Fig. 7) , as predicted by earlier ligand binding studies (Pauron et al., 1985) and as reported for Para/TipE (Feng et al., 1995a) . Fig. 7 , upper panel shows that 0.3 nM TTX blocks approximately half of the sodium current and 3 nM toxin causes almost complete block. This result is representative of four experiments in which 0.3 nM TTX blocked 50.5 Ϯ 7.0% (ϮSEM) of the peak sodium current. Similar results are obtained when Para is expressed alone (data not shown). In contrast, 3 nM TTX causes only half-maximal block of RBIIA/␤ 1 (Fig. 7, lower  panel) , consistent with earlier reports with RBII or RBIIA alone (Terlau et al., 1991; Kontis and Goldin, 1993) .
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Pyrethroids, such as permethrin, modify sodium channels, causing them to open at inappropriate times and voltages, resulting in repetitive firing of neuronal action potentials followed by conduction block, paralysis, and death (Vijverberg and van den Bercken, 1990; Bloomquist, 1993; Narahashi, 1996) . Permethrin is at least 100-fold more potent on the Para/TipE sodium channel than on the mammalian RBIIA/␤ 1 sodium channel (Fig. 8, A and B) . Note that 100 nM permethrin causes substantial opening of Para/TipE sodium channels during the depolarization to Ϫ50 mV, and also slows channel closing when the membrane is repolarized to Ϫ130 mV. A voltage near the foot of the activation curve (Ϫ50 mV) was chosen for demonstrating the effects of permethrin because only drug-modified channels open at this voltage. Permethrin at 500 nM causes greater modification with little change in the time course of the drug-modified current. In contrast, 10 M permethrin has no effect on RBIIA/␤ 1 sodium channels under equivalent conditions (Fig. 8 B) .
Modification of Para/TipE sodium channels by permethrin was enhanced by stronger depolarizations (Fig. 8 C) . Permethrin at 500 nM causes a slowly activating current at all test potentials, and the tail current after repolarization increases with test potential, indicating increased permethrin modification. The rapidly inactivating sodium current seen in control is little affected by permethrin, but is not well resolved at the slow sampling rate used in this study. The drug-induced tail current has been used to quantify pyrethroid modification of vertebrate sodium channels (Vijverberg et al., 1983; Song and Narahashi, 1996) . Permethrininduced tail currents for Para/TipE decay at least 100-fold more slowly than those observed in studies of mammalian or marine invertebrate sodium channels. This indicates that insect sodium channels will remain open for a much longer time after an action potential and the drug effect on electrical activity will be enhanced (see discussion). Also note that the permethrin-induced tail current increases when the test potential is increased from ϩ10 to ϩ40 mV, a voltage range where activation and inactivation are maximal. This suggests that the voltage dependence of drug modification cannot be easily attributed to preferential binding to open or inactivated channels. Finally, the tail current has a more prominent rising phase or "hook" as the preceding test pulse becomes more positive. This change in time course greatly complicates quantification of permethrin effects because the simplest schemes predict that the time course does not change with the fraction of modified channels (Zong et al., 1992) . Modification by permethrin of RBIIA/␤ 1 over this same voltage range is at least 100-fold less potent then for Para/TipE (data not shown).
d i s c u s s i o n
Para is the first invertebrate sodium channel to be heterologously expressed in Xenopus oocytes (see also Feng et al., 1995a ). Our results demonstrate that robust functional expression is facilitated by coexpression with TipE, a protein that lacks homology with any known subunit of mammalian sodium channels. Coexpression of para and tipE appears to reconstitute all the biophysical and pharmacological properties of native sodium channels recorded from cultured Drosophila embryonic neurons. Previous experiments have shown that para encodes the predominant sodium channel isoforms expressed in embryos and larvae (Hong and Ganetzky, 1994) . Analyses of Para sodium channels expressed in Xenopus oocytes and sodium currents expressed in embryonic neurons reveal that both exhibit: (a) channel activation by depolarizing test pulses to ‫ف‬Ϫ35 mV; (b) maximum peak current at a test pulse between Ϫ20 and Ϫ5 mV; (c) complete inactivation of the inward current within 5 ms; and (d) complete block of the inward current by 10 nM TTX (Byerly and Leung, 1988; O'Dowd and Aldrich, 1988; Baden, 1989; Saito and Wu, 1993) . Taken together, these observations suggest that coexpression of para and tipE reconstitute the native Para sodium channel.
It is unlikely that the observed sodium current is due to upregulation of an endogenous sodium channel since it was observed only in oocytes that were injected with para, but never in uninjected oocytes, water-injected oocytes, or oocytes injected with only tipE (data not shown). While it has been reported that ‫%5ف‬ of Xenopus oocytes exhibit a small endogenous voltage-activated sodium current (270 Ϯ 17 nA) (Krafte and Volberg, 1992) , Ͼ90% of the oocytes injected with para and tipE exhibit robust sodium currents with peak current amplitudes Ͼ1 A. In addition, the steady state inactivation of the endogenous oocyte sodium current is half-maximal at Ϫ38 Ϯ 0.5 mV, while the half-maximal steady state inactivation of the Para/TipE sodium channel is Ϫ44.3 Ϯ 0.9 mV (Table I) , and the IC 50 for TTX block of the endogenous sodium channel is 6 nM, while the IC 50 for TXX block of the Para/TipE sodium channel is ‫3.0ف‬ nM (Fig. 7) . Together, these results confirm that the observed sodium current is indeed the result of heterologous coexpression of para and tipE.
What is the nature of the interaction between the para and tipE proteins that facilitates expression of functional sodium channels? Given that tipE appears to encode a novel transmembrane protein with two membrane spanning domains, it is appealing to speculate that TipE is a novel sodium channel accessory protein (Feng et al., 1995a) . Indeed, TipE enhances expression of Para, in a manner analogous to that of ␤ subunits of mammalian neuronal and cardiac sodium channels, on June 19, 2017 Downloaded from muscle calcium channels, Drosophila Shaker potassium channels, and mammalian Shaker-related potassium channels Rettig et al., 1994; Chouinard et al., 1995; McManus et al., 1995; Qu et al., 1995) . Furthermore, TipE causes a speeding of current decay, reminiscent of the effect of other sodium and potassium channel ␤ subunits Makita et al., 1994; Patton et al., 1994; Rettig et al., 1994; Chouinard et al., 1995) . Although the ␤ subunits for voltage-gated ion channels have some similar biophysical effects, they are structurally diverse. The predicted secondary structure and membrane topology of TipE are similar to that predicted for the ␤ subunit of calcium-activated potassium channels (Knaus et al., 1994) . However, TipE has little primary amino acid sequence similarity to any known protein, and ␤ subunits of mammalian sodium channels have one membrane spanning domain, but TipE has two. As an alternative, it is possible that TipE may play a role in regulating the expression or posttranslational processing of Para. Therefore, future studies aimed at determining how TipE affects the expression of Para and at determining if Para and TipE coassemble in the extracellular membrane will be required to determine the exact nature of the paratipE interaction. In addition, we have examined only 2 of over 100 possible Para isoforms encoded by alternative splicing, and it is possible that an alternative isoform may encode sodium channels with different biophysical and pharmacological properties, as well as isoforms that may not be as dependent on coexpression with TipE.
Based on single cell PCR after electrophysiological analysis, O'Dowd et al. (1995) concluded that exon a (Fig. 1 A) is necessary but not sufficient for expression of functional sodium currents in embryonic neurons. However, we found that TipE was also required for robust expression of Para (a ϩ ) and that channel gating is very similar for Para isoforms with and without exon a (see Table I ). Moreover, ‫%03ف‬ of the para mRNAs in embryos lack exon a, as do approximately half of the para mRNAs in adults (Thackeray and Ganetzky, 1994) . O'Dowd et al. (1995) proposed that transcripts excluding exon a might encode: (a) proteins that fail to encode functional channels, (b) channels with novel gating properties or, (c) functional channels that are localized to membrane sites electrically separated from the cell body. Our results rule out the first two possibilities and suggest either that transcripts lacking exon a are localized to membrane sites such as distal processes or synapses that are not detected in the cultured embryonic neurons, or that transcripts lacking exon a require developmental cues for expression that are absent in cultured neurons.
We have compared the pharmacology of the Drosophila Para/TipE and RBIIA/␤ 1 sodium channels at three distinct toxin binding sites and found that the Para/ TipE sodium channel is more sensitive to all three toxins that we tested. ATX-II is a peptide toxin that binds to the ␣-scorpion toxin binding site on sodium channels (Norton, 1991) . This toxin affects only inactivation of mammalian neuronal and muscle sodium channels (Kirsch et al., 1989; El-Sherif et al., 1992; Cannon and Corey, 1993; Hanck and Sheets, 1995) and probably acts in the same way on Para/TipE channels. Rapid inactivation of Para/TipE sodium channels is nearly eliminated by ATX-II with an ED 50 Х10 nM (Fig. 5) . Binding with similar potency has been reported for heterologously expressed mammalian RBIIA and muscle sodium channels (Chahine et al., 1996; Rogers et al., 1996) , but some studies with native channels indicate much weaker binding (Bergman et al., 1976; El-Sherif et al., 1992; Cannon and Corey, 1993) . Thus, ATX-II is insect selective not because it binds with greater affinity to insect sodium channels, but because it produces a much more profound slowing of channel inactivation over a broader voltage range. The time constant describing current decay ( decay ) of toxin-modified mammalian muscle sodium currents is 10-30 ms (El-Sherif et al., 1992; Chahine et al., 1996) , and we find similar slowing of RBIIA/␤ 1 sodium currents (see Fig. 5 ). In contrast, decay Ͼ3 s for Para/TipE.
For Para/TipE, ATX-II increases G Na,max Х twofold, prolongs the time to peak current, and has little effect on the apparent voltage dependence of activation (Fig.  5) . In contrast, G Na,max is little changed for RBIIA/␤1 channels, there is a much smaller increase in time to peak current, and activation is shifted to more negative voltages. Although the effects of ATX-II on Para/TipE and RBIIA/␤ 1 sodium channels appear quite dissimilar, the actions can be accounted for solely by slowing of inactivation. The effects of ATX-II on RBIIA/␤ 1 channels are similar to those of other inhibitors of inactivation on neuronal sodium channels (Gonoi and Hille, 1987) and can be accounted for if RBIIA/␤ 1 channels must open before inactivating. The shift in voltage dependence of activation occurs because the rate of inactivation is comparable to the rate of opening for weak depolarizations, but much slower than the rate of opening for strong depolarizations (Gonoi and Hille, 1987) . Thus, sodium currents are increased by toxin modification for weak but not for strong depolarizations. By analogy, the effects of ATX-II on Para/ TipE suggest that the overlap between activation and inactivation is similar at all voltages (as for cardiac sodium channels; see Hanck and Sheets, 1995) , and channel activation is relatively slow and not complete at the time of control peak current. The large increase in G Na,max suggests that ATX-II also inhibits inactivation from closed states and that many Para channels normally inactivate without first opening.
Studies of inactivation using conditioning prepulses of varying duration also suggest that ATX-II inhibits inon June 19, 2017 Downloaded from activation from closed states of Para/TipE sodium channels (Fig. 6) . Inactivation from closed states is most significant at voltages corresponding to the foot of the activation curve and ATX-II is equally effective at slowing inactivation at these voltages as at more positive potentials. The effects of ATX-II on Para/TipE sodium channels are very similar to the effects of changing residues 1488-1490 of RBIIA/␤ 1 sodium channels to glutamine (West et al., 1992) ; in both cases, the rate of inactivation is slowed ‫-000,1ف‬fold with little change in the voltage dependence of activation. This suggests that the mutation slows inactivation from both closed and open states. Surprisingly, the effects of ATX-II on RBIIA/␤ 1 sodium channels are different from elimination of inactivation by this mutation (Figs. 5 and 6 ). ATX-II slows inactivation of RBIIA/␤ 1 sodium current during strong depolarizations, but has a mixed effect during weak depolarizations; fewer channels inactivate, but those that inactivate do so more rapidly than normal (Fig. 6 C) . This suggests that, as for cardiac sodium channels, ATX-II does not slow inactivation of RBIIA/ ␤ 1 channels from closed states. Toxin effects on RBIIA sodium channels expressed in oocytes are particularly complex because these channels can enter a slow gating mode that causes a noninactivating current (Fleig et al., 1994) . It is possible that ATX-II also affects transitions into this slow gating mode.
Pyrethroids are highly toxic to insects, but have low mammalian toxicity. Previous studies indicated that the insect specificity of pyrethroid action is due primarily to three factors (Song and Narahashi, 1996) : (a) pyrethroids increase in potency as the temperature decreases and act in insects at lower temperatures; (b) pyrethroids bind to invertebrate sodium channels with greater affinity than to mammalian sodium channels; and (c) pyrethroids are detoxified more effectively in mammals. Previous voltage clamp studies have used marine invertebrate sodium channels as a surrogate for insect sodium channels. These studies indicate that the threshold concentration of tetramethrin necessary to produce abnormal electrical spiking activity in marine invertebrate neurons is ‫-01ف‬fold lower than for mammalian neurons with TTX-sensitive sodium channels (Song and Narahashi, 1996) . However, the TTX-resistant sodium channels found in mammalian dorsal root ganglion neurons are 30-100-fold more sensitive to pyrethroids than TTX-sensitive sodium channels (Tatebayashi and Narahashi, 1994) , so some mammalian sodium channels are as sensitive to pyrethroids as previously studied marine invertebrate channels. Our results show that the Para/TipE sodium channel is at least 100-fold more sensitive to the pyrethroid permethrin than the RBIIA/␤ 1 sodium channel, and demonstrate that selective binding to insect sodium channels is a major determinant of the selective toxicity of pyrethroid insecticides.
The most potent effects of pyrethroids are to induce repetitive afterdischarges after a single stimulus. This action requires that sodium channels remain open after an action potential and that the inward currents reach threshold levels needed to trigger an extra action potential. Permethrin-induced tail currents for Para/ TipE decay at least 100-fold more slowly than those observed in studies of vertebrate sodium channels (Vijverberg et al., 1983) . Thus, modified insect sodium channels will remain open for a much longer time after an action potential and the modification produced by each action potential can more readily summate to threshold levels. Both pyrethroids and ATX-II enhance channel opening by slowing transitions out of the open state; both toxins have a more extreme effect on insect sodium channels than on mammalian sodium channels, resulting in insect-specific drug action.
Taken together, our results show that the basic biophysical properties of the insect and mammalian sodium channels examined in this study are similar, but the Para/TipE sodium channels are much more sensitive to all of the toxins that we have studied. The functional expression of Drosophila Para sodium channels and unique pharmacology of this channel facilitates an analysis of the relationship between channel structure and function. One can now determine the nature of the para-tipE interaction, can evaluate the functional consequences of the different Para isoforms encoded by alternative splicing, and can map specific neurotoxin and insecticide binding sites. These studies will provide new insights into the mechanisms underlying sodium channel diversity and insecticide resistance.
